1. Toluene-permeabilized rat heart mitochondria have been used to study the regulation of NAD+-linked isocitrate dehydrogenase and 2-oxoglutarate dehydrogenase by Ca2", adenine and nicotinamide nucleotides, and to compare the properties of the enzymes in situ, with those in mitochondrial extracts. 2. Although KO 5values (concn. giving half-maximal effect) for Ca2l of 2-oxoglutarate dehydrogenase were around 1 UM under all conditions, corresponding values for NAD+-linked isocitrate dehydrogenase were in the range 5-43 /M. 3. For both enzymes, Ko5 values for Ca2l observed in the presence of ATP were 3-10-fold higher than those in the presence of ADP, with values increasing over the ADP/ATP range 0.0-1.0. 4. 2-Oxoglutarate dehydrogenase was less sensitive to inhibition by NADH when assayed in permeabilized mitochondria than in mitochondrial extracts. Similarly, the Km of NAD+-linked isocitrate dehydrogenase for threo-Ds-isocitrate was lower in permeabilized mitochondria than in extracts under all the conditions investigated. 5. It is concluded that in the intact heart Ca2l activation of NAD+-linked isocitrate dehydrogenase may not necessarily occur in parallel with that of the other mitochondrial Ca2l-sensitive enzymes, 2-oxoglutarate dehydrogenase and the pyruvate dehydrogenase system.
INTRODUCTION
Three dehydrogenases within mammalian mitochondria have been shown to be regulated by Ca21 ions. NAD+-linked isocitrate dehydrogenase (NAD-ICDH; Denton et al., 1978; Aogaichi et, al., 1980) and 2-oxoglutarate dehydrogenase (OGDH; McCormack & Denton, 1979; Lawlis & Roche, 1980) are activated by a lowering of Km values for substrates (threo-D.-isocitrate and 2-oxoglutarate respectively), with little effect of Ca2+ at saturating concentrations of substrates. The pyruvate dehydrogenase (PDH) complex, on the other hand, is activated through increases in the active, dephosphorylated, form of the enzyme, largely through stimulation of PDHP phosphatase . Each enzyme thus represents a site at which hormones and other stimuli which raise cytosolic Ca21 concentrations may, via a parallel increase in mitochondrial concentration of Ca2+, stimulate citrate-cycle flux and mitochondrial ATP synthesis (for reviews see  Hansford, 1985; Brand & Murphy, 1987 Marshall et al., 1984; McCormack, 1985; Hansford, 1985) . However, the position with NAD-ICDH is less clear. In the presence of ADP, the extracted or purified enzyme has been reported to exhibit Ko05 values for Ca2+ close to 1 UM (Denton et al., 1978; Aogaichi et al., 1980) , but under other conditions, for example in the presence of ATP, much higher values have been observed (Gabriel & Plaut, 1984; Gabriel et al., 1985 Gabriel et al., , 1986 . Moreover, it is difficult to measure flux through NAD-ICDH in intact mitochondria unambiguously.
In this study, we have used rat heart mitochondria, permeabilized with toluene to all low-Mr compounds (Matlib et al., 1977; to allow the unambiguous study of the kinetic properties of NAD-ICDH and OGDH in situ and under essentially identical conditions. In a previous study, we demonstrated that the kinetic properties with respect to Ca2l of PDHP phosphatase within permeabilized mitochondria were markedly different from those apparent in extracts Midgley et al., 1987) .
EXPERIMENTAL Materials
All chemicals and biochemicals were supplied by Boehringer, Lewes, East Sussex, U.K., or BDH, Poole, Dorset, U.K., or Sigma, Poole, Dorset, U.K., except rotenone and HEDTA [N-(2-hydroxyethyl) Vol. 252
given by Dr. A. P. Halestrap (this Department). Antiserum was raised in chickens to OGDH purified from pig hearts as described by McCormack & Denton (1979) . Preparation and toluene permeabilization of mitochondria Rat heart mitochondria were prepared essentially as described by Halestrap (1987) , involving Nagarse digestion (Chappell & Hansford, 1972) and purification on a Percoll gradient (Belsham et al., 1980) in 'isolation medium' containing 250 mM-sucrose, 20 mM-Tris/HCl (pH 7.4) and 2 mM-EGTA. The final mitochondrial pellet was either resuspended at 20-30 mg/ml in isolation medium plus 8.5 % (w/v) poly(ethylene glycol) 6000 (PEG) and 0.05 % (w/v) essentially-fatty-acid-free bovine serum albumin for permeabilization, or frozen at the temperature of liquid N2 for subsequent extraction of enzymes (see below).
Toluene permeabilization of mitochondria was as described by . Mitochondrial protein concentration was determined by the method of Gornall et al. (1949) ; recovery through the permeabilization procedure was > 90 %. Preparation of mitochondrial extracts Unless otherwise indicated, these were prepared as described by McCormack & Denton (1981) . In some experiments (e.g. Fig. 5 ) extracts of permeabilized mitochondria were prepared in the cuvette by incubation with 0.2% (v/v) Triton X-100 in PEG-free medium. Assay of enzymes within permeabilized mitochondria and mitochondrial extracts All assays were carried out at 30°C in 1 ml of a 'basic incubation medium' consisting of 50 mM-Mops, 35.5 mMtriethanolamine (pH 7.2 unless otherwise stated), 75 mM-KCl, 60 mM-sucrose, 2 mM-KH2PO4, 1 mM-EGTA, 1 mM-HEDTA, rotenone (1 jug/ml), and sufficient CaCl2 and MgCl2 to give the free concentrations of Ca2+ indicated and 1 mm free Mg2+ unless otherwise stated. For studies involving Sr2+, HEDTA was omitted, and the concentration of EGTA was 5 mm. PEG (8.5 %, w/v) was included for all assays of enzymes within permeabilized mitochondria, and oligomycin (1 ,ig/ml) for all assays in which ATP was present. Malate dehydrogenase (MDH) was assayed by the addition of 0.2 mM-oxaloacetate plus 0.0-0.4 mM-NADH, NAD-ICDH with 2 mM-NAD' and varying DL-isocitric acid (trisodium salt; 500 threo-D.-isocitrate), and OGDH with 2 mM-NADI, 1 mM-thiamin pyrophosphate, 0.25 mM-CoA, plus varying 2-oxoglutarate. Glutamate dehydrogenase (GDH) was assayed as described by ATPase activity of mitochondrial preparations was determined in 'basic incubation medium' by measuring the production of ADP from ATP by linked enzymic assay (Scharschmidt et al., 1979) .
Control of free concentrations of Ca2" and Mg2" ions Concentrations of free and bound ligands were calculated as described by and Midgley et al. (1987) .
Owing to the variations in the purity of commercially available EGTA (Miller & Smith, 1984) , stock EGTA solutions were standardized by the following methods: (i) titration with NaOH of protons released on adding excess CaCl2; (ii) direct measurement of proton release with a pH-meter, on adding CaCl2; (iii) titration with CaCl2 in the presence of ammonium oxalate. The results of these three methods agreed to within 1.0%.
Arsenazo III was standardized by the method of Kendrick (1976) . Under standard assay conditions a Ca-arsenazo III dissociation constant (Kd) of 43.2+1.4,UM was determined spectrophotometrically. On the basis of this value, free Ca2+ concentrations used in all assays were checked after adding 35,uM-arsenazo III to the medium, and were found to be in good agreement with calculated values. Further checks of free Ca2+ concentrations were also made with a Ca2+-specific electrode (Ammann et al., 1975 (Smith, Kline and French Research, Welwyn, Herts., U.K.) . Results are given as parameter value+ S.D. for the degrees of freedom shown in parentheses, usually based on observations with one preparation. However, all these results were typical of between two and five experiments on separate preparations. One unit of enzyme activity is defined as the amount catalysing the conversion of 1 umol of substrate/min at 30 'C.
RESULTS

Preparation and assessment of permeabilized mitochondria
In the present study, toluene treatment of heart mitochondria by the method of enzymes were retained within the mitochondrial matrix. Under standard assay conditions (see the Experimental section) in the presence of 8.5 % PEG, 80-90 % of total NAD-ICDH activity could be sedimented (10000 g, 5 min), whereas after incubation with 0.2 % Triton X-100 less than 20 % of the activity was sedimentable.
In contrast, disruption of mitochondria in the presence of PEG had little apparent effect on the sedimentability of OGDH, with approx. 75 % of the total activity remaining sedimentable after incubation with up to 1 % Triton X-100. This is not surprising, as use is made of the precipitation of OGDH at low PEG concentrations in its purification (Linn et al., 1972; McCormack & Denton, 1979) . However, essentially all OGDH activity could be shown to be located within the permeabilized mitochondria by the fact that it was inaccessable to an antiserum to the enzyme which inhibited catalytic activity until Triton X-100 was added (Fig. 1) . Effects of Ca2" and adenine nucleotides on the sensitivity of NAD-ICDH to threo-D-isocitrate Table 1 .
The response of NAD-ICDH to Ca2", ADP and ATP when assayed within permeabilized mitochondria was qualitatively the same as that observed in extracts, with essentially additive effects of Ca2l and adenine nucleotides on the Km for threo-D.-isocitrate in both cases.
However, Ca2+ ions had no effect in the absence of adenine nucleotides, as previously observed with the extracted enzyme (Denton et al., 1978; Aogaichi et al., 1980) . In all cases Km values for threo-D.-isocitrate were higher in the presence of ATP than with ADP alone or ADP plus ATP, indicating that in vivo the enzyme may become increasingly activated with increases in the mitochondrial ratio of ADP/ATP in the range 0: 1-1: 1.
As shown in Table 1 , the maximal activity of the enzyme was essentially the same in permeabilized mitochondria and extracts. Disruption of permeabilized mitochondria with Triton X-100 had little effect on this parameter, with the activity in the absence of the detergent being > 90 % of that in the presence of 0.2% Triton X-100. However, Km values for threo-D.-isocitrate were consistently 2-4-fold higher in extracts under all the conditions studied. Effects of Ca2' and adenine nucleotides on the sensitivity of OGDH to 2-oxoglutarate
The effects of Ca2+ ions on OGDH activity assayed in permeabilized mitochondria and mitochondrial extracts in the presence and absence of ADP, ATP, or both are given in Table 2 . Again, maximal activities were essentially the same in permeabilized mitochondria, in both the presence and the absence of Triton X-100, and in mitochondrial extracts. The difference in Km values for substrate between permeabilized mitochondria and extracts was quite small for this enzyme. As with NAD-ICDH, Km values for substrate were greater in the presence of ATP than with ATP/ADP (1: 1) or ADP alone, at least in the absence (< 1 nM) of Ca2+. However, in the presence of saturating Ca2', Km values for 2-oxoglutarate were similar in the presence of either ADP or ATP, indicating that under these conditions the activating effect of high ADP/ATP ratios may be by-passed. Activities with ATP were similar to those observed in the absence of any added adenine nucleotide. This is in contrast with previous studies with the purified pig heart enzyme (McCormack & Denton, 1979) , where inhibition by additions of ATP was observed at subsaturating concentrations of 2-oxoglutarate. These differences may be the result of species differences between pig heart and rat heart OGDH. Alternatively, the Mg-ATP chelate (the form of 90-95 % of total ATP at the concentration of free Mg2+ (1 mM) used in the present studies) may be a rather weaker inhibitor of the enzyme than free ATP. Hydrolysis of ATP may be excluded, since ATPase activity of mitochondrial preparations, measured under standard assay conditions (1.5 mM-ATP, 1 mM-Mg2+) was less than 30 munits/mg of mitochondrial protein, so that, after a 2 min incubation at 200 jug of mitochondrial protein/ml, less than 2 % of total ATP was hydrolysed. Table 3 , and the response to Ca2" of the two enzymes in the presence of either ADP or ATP shown in Fig. 3 .
Vol. 252 Previous studies of purified OGDH (McCormack & Denton, 1979) and NAD-ICDH (Gabriel et al., 1986) have shown that increases in ADP/ATP ratio result in a decrease in Km values for the respective substrates. Fig.  4 shows the response of NAD-ICDH and OGDH to changes in ADP/ATR ratio, when assayed within permeabilized mitochondria and at sub-saturating concentrations of substrates. Both enzymes showed a response to changes in the ratio of ADP/ATP, which was altered by Ca2". However, whereas OGDH was most sensitive to a change in the ratio in the absence (< 1 nM) of Ca2", with NAD-ICDH the response was greatest at high concentrations (0.1 mM) of Ca2".
In addition, the results shown in Fig. 4 During the course of the kinetic studies described above, it was noticed that the extent of non-linearity in assays of OGDH was much less when the enzyme was assayed in permeabilized mitochondria than in extracts (Fig. 5a ). Such differences were not apparent for NAD-ICDH activity.
A decline in OGDH activity with time, attributed to feedback inhibition by increasing concentrations of NADH and succinyl-CoA, has previously been observed in studies of the pure enzyme (Garland, 1964; Smith et al., 1974; McCormack & Denton, 1979) . In the present studies, succinyl-CoA alone was found to have little inhibitory effect on the enzyme, assayed either in permeabilized mitochondria or in extracts (results not shown). Hence feedback inhibition appeared to be largely due to increasing concentrations of NADH. That the difference in non-linearity between permeabilized mitochondria and mitochondrial extracts corresponds to a lower sensitivity to increasing NADH/NAD+ ratios is further suggested by the observations shown in Fig. 5(b) in which initial rates of activity were determined at various NADH/NAD+ ratios. The apparently lower sensitivity to inhibition by increasing NADH/NAD+ ratios in permeabilized mitochondria would appear not to be the result of any gradient of NADH across the mitochondrial inner membrane, since the Km of malate dehydrogenase for NADH was unchanged between extracts and permeabilized mitochondria (results not shown).
As first described by Lawlis & Roche (1980 , Ca2" was found to reverse partially the inhibitory effects of high NADH/NAD+ ratios. However, this effect was again less marked with permeabilized mitochondria than with extracts (Fig. Sb) . These results indicate that inhibition of OGDH in vivo by an increase in the redox state of the mitochondrial NAD+ pool may be quantitatively less significant than has previously been thought (Smith et al., 1974; Hansford, 1980; Williamson & Cooper, 1980) . However, the data are consistent with the suggestion by Lawlis & Roche (1980 NAD-ICDH, and under a number of conditions none were evident. Secondly, the end-product inhibition of OGDH by NADH was found to be much less when the enzyme was within intact mitochondria, whereas there was little or no difference in the inhibition of NAD-ICDH by NADH in permeabilized mitochondria and in extracts. Finally, under certain circumstances, the K05 for Ca2" activation of both NAD-ICDH and OGDH was appreciably lower in mitochondria than in extracts. For example, the values for the activation of OGDH in the absence of adenine nucleotide were 1.2/,M and 0.24 ,UM in extracts and in permeabilized mitochondria respectively. We have considered the possibility that these differences may simply reflect gradients of substrates and effectors across the mitochondrial inner membrane even after permeabilization by toluene treatment. However, as described in the Results section, we could find no evidence for any such gradients, which, in any case, would not explain why the difference seen with one dehydrogenase was greater than with the other in every individual case. Effects of changes in ADP/ATP ratios on the kinetic properties of NAD-ICDH and OGDH
In the course of the present studies, we have confirmed that increases in ADP/ATP ratios result in a marked increase in the activity of both NAD-ICDH and OGDH in mitochondrial extracts and extended this observation to permeabilized mitochondria. We have also shown that increases in this ratio not only decrease the Km of the two dehydrogenases for their respective substrates, threo-D.-isocitrate and 2-oxoglutarate, but also decrease KO15 values for Ca2". In all cases, it was only changes in the ADP/ATP ratio below 1.0 which resulted in changes in the activities of the two dehydrogenases. Measurements of mitochondrial ADP/ATP ratios within the intact heart (Soboll & Bunger, 1981) , as well as in isolated liver cells (Siess et al., 1977; Akerboom et al., 1978; Soboll et al., 1980) and freeze-clamped livers (Soboll et al., 1984) have each given values for this ratio in the range 0.3-1.2, suggesting that changes in the mitochondrial ADP/ATP ratio may be important in determining the activity of the two enzymes in vivo, at least under some conditions. For example, in hearts perfused in medium containing pyruvate, there is evidence based on n.m.r. determinations of ATP, Pi and phosphocreatine concentrations that increased work is associated with increases in the cytoplasmic ADP/ATP ratio (From et al., 1986) . It seems reasonable to conclude that under these conditions there may be increases in the intramitochondrial ADP/ ATP ratio, leading to the stimulation not only of oxidative phosphorylation but also of the supply of NADH for the respiratory chain through the activation ofNAD-ICDH and OGDH. However, in direct contrast, the same authors (From et al., 1986) found that, in hearts perfused with medium containing glucose, increased work appeared to have no effect on the tissue ADP/ATP ratio. Similar observations to these have been made by others (Neely et al., 1972; Balaban et al., 1986; Katz et al., 1987) . Under these more physiological circumstances, it seems likely that increases in respiration are secondary to activation of intramitochondrial dehydrogenases by Ca2l Hansford, 1985; McCormack & Denton, 1986) . Fluorescence studies (Katz et al., 1987) have indicated that mitochondrial NADH concentrations may be increased under these conditions, which provides further evidence for this view.
Sensitivity of NAD-ICDH and OGDH to Ca2" Previous studies (Denton et al., 1978 McCormack & Denton, 1981) using extracts of rat heart mitochondria have indicated that the K05 for Ca2" of NAD-ICDH in the presence of ADP may be greater than that of OGDH, but the apparent differences were much smaller than those found in the present studies. There appear to be two reasons for this. Firstly, our earlier studies were carried out in buffers with ionic strengths lower than those likely to be found within mitochondria. (Miller & Smith, 1984) . The procedure we used in the past for the standardization of CaEGTA buffers (Denton et al., 1978) underestimated the Ca/EGTA ratio, by 1-2 %. At pH 7.0-7.4 the errors in calculating Ca2l concentrations below 1 UM are negligible, but above 1 #uM the errors can become progressively greater. In the present work we have not only standardized the EGTA more precisely but also adopted the use of -HEDTA in combination with EGTA to ensure the accurate buffering of Ca2l up to much higher concentrations, while at the same time controlling Mg2" concentrations in the physiological range (0.1-2 mM; Corkey et al., 1986; Jung & Brierly, 1986) .
Since KO5 values for Ca2l of NAD-ICDH, especially at low ADP/ATP ratios, appear to be somewhat above the concentrations of free Ca2l likely for the mitochondrial matrix in vivo (Hansford & Castro, 1982; Crompton et al., 1983; Hansford, 1985) , the role of activation of NAD-ICDH by Ca2+ is now rather unclear. It follows that the major effects of increases in Ca21 concentration on intramitochondrial metabolism are likely to be the activation of OGDH along with the PDH complex : Ko5 values for Ca2+ of PDHP phosphatase, determined as described by Midgley et al. (1987) , were in the range 0.4-0.7 aM in permeabilized rat heart mitochondria (G. A. Rutter & R. M. Denton, unpublished work) .
In apparent conflict with this conclusion, estimates
of Ko5 values for Ca21 of NAD-ICDH within intact uncoupled brown-adipose-tissue mitochondria and coupled mitochondria from white adipose tissue (Marshall et al., 1984) and liver (McCormack, 1985; Johnston & Brand, 1987) 
